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Abstract

The feasiblity of using injected pulsing jets to excite the
aeroelastic modes of a rotating fan was investigated. An unsteady
velocity deficit is created in the wake behind a circumferentially
injected jet at the frequency of jet pulsation. Adjacent jets are
phased so that their interaction and diffusion with the mean flow
creates a spatially sinusoidal wake. This spatially sinusoidal
wake rotates around the flow annulus, resulting in the excitation
of traveling wave vibration modes in the fan.

A prototype jet injector was designed and constructed which
produces high frequency pulsing jets, which meet the requirements
of a fan aerodynamic damping experiment to be performed at the
NASA Lewis Research Center Multistage Compressor Test Facility.
This prototype was first used to produce a single steady jet in
the absence of a cross flow to determine its flow characteristics.
These jets conformed to classical jet models. Pulsing jets were
then produced to evaluate the ability of the injector to produce
high frequency pulsing jets. No acoustic limitations to the
maximum jet pulsing frequency were discovered.

The prototype was then installed in a low turbulence wind
tunnel. The behavior of a single steady jet in a cross flow was
studied. The jets produced behaved similarly to classical studies
of steady jets injected into a cross flow. Pulsing jets were then
studied to determine if the fan to be excited would experience a
periodic excitation, and to evaluate the ability of the phased
jets to form a spatially sinusoidal wake for traveling wave
excitation. Results indicate that the excitation force on the fan
will remain periodic if the jet injection point is close enough to
the plane of the fan and that spatially sinusoidal wakes are
formed. It was therefore concluded that there are no fundamental
fluid mechanical obstacles to using pulsing jets to excite
traveling wave vibrations in a rotating fan. A preliminary design
and design criteria for such a device are given.
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1. Introduction

Increasing the efficiency and performance of fans and
compressors is a continuing focus of gas turbine research. One of
the factors which limits both the efficiency and performance of a
fan is its flutter speed. The flutter boundary limits the speed
at which the fan can operate, thus influencing the maximum stage
pressure ratio which can be achieved. The need to design against
_flutter also influences the blade thickness, chord, and inclusion
of éid span shrouds, all of which can adversely affect efficiency.

Throughout the development of a new fan, extensive flutter
testing is performed. When a typical flutter test is performed
only one piece of information, the location of the flutter
boundary on the compressor map, is obtained. It would be
advantageous to obtain more information about the aeroelastic
behavior of the fan as this boundary is approached. In
particular, it wouldbe desirable to measure the aerodynamic
damping in the system as the rotor speed approaches the flutter
boundary. Since the ability to accurately predict flutter is of
extreme importance in engine design, this additional information
could be used to better correlate the analytical model of flutter
onset with the experimental measurement. Additionally, this
information could be used to determine the sensitivity of the
aerodynamic damping to the rotor speed as the flutter boundary is

approached. This information could be invaluable in making
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redesign decisions during fan development.

To determine the extra information desired, the sub-flutter
aerodynamic damping, it is necessary to use system identification
techniques. System identification consists of two parts. The
first part is the excitation of the system to be studied. The
second part is the analysis of the response of the system to that
excitation in order to extract the system parameters of interest,
in this case the aerodynamic damping data. This report will focus
on the development of a method to excite the vibrational modes of
interest in a rotating fan, for the ultimate objective of system
identification of the aerodynmic damping.

In order for an excitation system to be useful it must meet
several requirements. First, it must have sufficient amplitude to
excite the rotor in the working environment. Second, it must
function at an arbitrary frequency or over a broad band of
frequencies. Third, it must be able to excite an arbitrary
interblade phase angle or a broad band of interblade phase angles.
Finally, it must either be explicitly known, in order to allow
determination of the transfer function between excitation and
response, or it must possess the capability to be turned off
instantaneously, in order to allow measurement of the transient
decay of the systenm.

Several methods of fan excitation have been proposed and used
in previous experiments. These include the use of piezoelectric

crystals, electromagnetic drivers, injected steady jets, and
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screens placed in the upstream flow.

The first excitation method mentioned above involves the use
of piezoelectric crystals attached directly to the blades to apply
a driving force {1,2]. This allows very accurate control of the
phasing of the forcing applied to each blade, thus allowing
precise control of the frequency and interblade phase angle.
However, piezoelectrics are limited in the power they can provide,
and may be inadequate for excitation of fans operating in high
speed flows.

A second method of fan excitation entails the use of an
electromagnetic coil system to drive ferromagnetic fan blades [3].
In principle precise control over frequency and interblade phase
is possible. However, this method can only be implemented easily
for excitation of a non-rotating fan, and strength of the possible
excitation is again in question.

A third method to provide excitation is to use steady jets
injected into the tunnel flow ([4]. The injected jets form
disturbances in the flow at predetermined circumferential
locations, thus causing the fan blades to feel an unstgady forcing
as they rotate. Although this method has been successfully used
in previous experiments to provide strong excitation to the rotor,
it cannot be used to excite traveling wave modes in a rotating
fan, and thus fails the requirement for control of the excitation
interblade phase angle.

Another method involves placing screens or rods into the flow
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at various circumferential locations [2,3]. The screens or rods
form velocity defects in the flow which excite the rotating fan
downstream. This method also has been used successfully for
simulation of upstream disturbances, but lacks the ability to
excite arbitrary traveling wave modes in a rotating fan. Thus, of
the four existing methods for fan excitation, two, piezoelectrics
and electromagnetics, lack sufficient power, and two, steady jets
and screens, lack sufficient versatility.

The purpose of this study is to examine the feasibility of an
alternate method of fan excitation. This method involves using
pulsating jets injected into the axial flow just upstream of the
rotor. The circumferentially injected jets interact with the mean
flow creating a wake. The blades respond to this unsteady wake.
Ideally it would be desirable to inject a spatially sinusoidal
continuous circumferential jet into the flow. However, this is
quite difficult to implement in a simple way. It is hoped that by
properly phasing the pulsation of circumferentially discrete jets
the interaction of the jets and their subsequent diffusion in the
mean flow will simulate a spatially sinusoidal disturbance. It is
expected that this method would be capable of producing the
necessary excitation while remaining versatile enough to excite a
wide range of frequencies and interblade phase angles.

In order to practically implement pulsing jet excitation in a
fan, a device must be designed and constructed which is capable of

producing jets which are valved at high frequencies. A large
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number of these jets, all pulsed in the proper relative phase, are
needed around the circumference of the flow annulus.

In order to evaluate this excitation method, it was necessary
to design and build a prototype device capable of producing these
pulsing jets and to make detailed measurements of the jet
injection interacting with the mean flow in a wind tunnel. It was
also necessary that the prototype jet injector be designed to be
physically representative of the mechanical design of the actual
device intended for fan excitation.

The prototype injector used in this experiment was designed
specifically to meet the excitation requirements for an experiment
to be performed in the NASA Lewis Research Center Multistage
Compressor Test Facility (W8). This experiment involves the
measurement of aerodynamic damping in a tuned, structurally
mistuned, and aerodynamically detuned, shroudless rotor.
Structural mistuning and aerodynamic detuning are both methods of
increasing the stability of a shroudless rotor [5,6].

The design and evaluation of such a prototype injector
requires a detailed understanding of the behavior of pulsing jets
injected into a cross flow. To acquire this understanding it is
beneficial to first understand the behavior of steady jets
entering a cross flow. These flows have been the subject of
several classic experiments, motivated by studies of thrust
vectored jets of vertical take-off aircraft, secondary jet cooling

in gas turbine combustors, and atmospheric plumes from chimneys.
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These studies generally involve injecting jets into cross flows at
various angles of incidence and then determining the jet
trajectory. Callaghan and Ruggeri [7] investigated the
penetration distance of a jet injected perpendicularly to the air
stream at a variety of flow conditions and obtained an empirical
equation for the penetration in terms of the other flow
parameters. Jordinson [8] measured total pressure distributions
of a jet injected normal to the cross flow and determined the path
of the jet and the shape of the jet cross—section. Kamotani and
Greber [9] took velocity, temperature, and turbulence intensity
measurements of a jet directed perpendicularly to the free stream
and determined the functional relationshjps between the
penetration depth and the nomentum ratio of the jet to the
freestream. Margason [10] has also made measurements of the path
and shape of the wake of a single jet exiting at large angles to
the free stream and developed equations to describe the jet path.
Margason’s results were then compared with equations for the jet
path from other investigations.

Relatively little research has been done on unsteady jets,
and none found on the injection of unsteady ,jets into a cross
flow. Work by Curtet and Girard [1] involved flow visualization
of a pulsating jet in the absence of a cross flow to show its time
evolution. Kovasznay, Fujita and Lee [12] examined discrete and
unsteady puffs and attempted to develop theoretical

representations of such unsteady turbulent flows using ensemble
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averaging to obtain mean values of velocity and turbulence levels
within the puffs.

This report will explore the behavior of periodically pulsing
Jets injected into a cross flow in an attempt to determine the
feasibility of using them to excite controlled vibrations in a
rotating fan. A series of conceptual questions must be answered.
The first is whether there are any acoustic limitations to the
frequency attainable by a pulsating jet, due to the length of the
jet plenum. It is possible that the Helmholtz frequency of the
Jjet plenum may limit the jet frequency which can be achieved. It
is also necessary to know if, at high frequencies, the pulses will
remain discrete until they reach the rotor, or will they mix and
simply create a turbulent flow with no discrete temporal
periodicity. The next conceptual question is whether or not a
phasing of neighboring jets can be used to form a pattern of
forcing which varies sinusoidally spatially as well as temporally.
The 1last conceptual concern is to determine if the jet will
penetrate far enough into the flow to create a sufficiently deep
wake to excite the blades.

The second goal of this atudy is to show the feasibility of
the mechanical design of such an injector. This involves the
design and construction of a prototype which is capable of
producing jets which satisfy the needs of the real experiment as
well as simulating a design which is a feasible configuration for

the planned tests at NASA Lewis. The operation of the prototype
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must properly simulate the operating conditions of this experiment
to adequately determine its potential for success. Potential
problems include pressure losses in tubing, leakage, and crosstalk
between neighboring jets.

In Chapter 2 the principle behind the use of pulsating jets
to excite vibrations in rotating fans will be discussed. Then the
basic calculations for determining the jet pulsing frequency, the
Jjet spacing, and the jet diameter will be presented. Finally, the
potential fluid dynamic limitations and mechanical difficulties,
to be evaluated in this report, will be introduced.

A discussion of the behavior of steady jets injected into a
cross flow will be presented in Chapter 3 to provide a foundation
for acquiring an understanding of the behavior of pulsing jets. A
summary of investigations into the behavior of steady jets and
models that have been developed is also presented. Finally, the
additional complicating factors associated with the unsteadiness
of a pulsating jet, and the reduced frequencies of importance,
will be introduced.

In Chapter 4 the design of the prototype experiment is
presented with the calculations upon which the design is based.
The testing procedure and the test objectives are then outlined.
Finally, the methods used for data reduction and analysis are
presented.

The experimental results of the testing program will be

presented and discussed in Chapter 5. The behavior of steady jets

18




both in the absence and presence of a cross flow is observed and
compared to classic analysis. Then, the behavior of pulsing jets
both in the absence and presence of a cross flow is observed and
compared to the behavior of steady jets. Conclusions are then
drawn concerning the feasibility of using pulsing jets to excite

vibrations in rotating fans.

19




2. Design Considerations for a Jet Injector for Fan Excitation

This chapter outlines a proposed design for a device capable
of injecting pulsing jets into the test section of a compressor
test facility for the purpose of the controlled excitation of
vibration in a rotating fan. The success of this design depends
upon several fundamental fluid dynamic considerations, as well as
several practical design and implementation considerations. These
design considerations are enumerated in this chapter and will be
resclved by the testing program presented in Chapter 5.

The fundamental concept of using pulsing jets for fan
excitation is presented in Section 2.1. The specific design
calculations are presented in Sections 2.2 and 2.3, based on the
demands of the mistuned fan experiment planned at the NASA Lewis
Research Center. The fundamental fluid dynamic considerations of
the design will be discussed in Section 2.4. Finally, the
practical implementation considerations will be discussed in

Section 2.5.

2.1 Conceptual Design

A steady jet injected into a cross flow causes a blockage,
which results in a decrease in total pressure and velocity in the
region directly behind the jet. The jet is turned by this
pressure difference, carrying a total pressure excess along the

jet trajectory. Downstream then, the net result of the transverse
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jet is a total pressure deficit near the wall surface pierced by
the injected jet and a smaller total pressure excess due to the
residual jet velocity at a height above the wall surface. This
behavior will be discussed in more detail in Chapter 3. It is
postulated that by pulsing the jet these total pressure and
velocity defects and excesses can likewise be made to pulsate.

These pulsing velocity defects will in turn be felt by the
blades just downstream of the injector. This nonuniform inflow
velocity will cause an unsteady loading on the blading which will
provide the excitation force to the fan. By pulsing the jets
sinusoidally in time, a temporally periodic excitation force
should result. The desired frequency of the pulsing jet will
depend on the rotor configuration, speed, and the number of
blades, as will be discussed in Section 2.2

However, pulsing the jets sinusoidally in time alone is not
sufficient to excite the aeroelastic vibration modes in a rotating
fan. The natural vibration modes take the form of traveling waves
with an interblade phase angle B, which depends on the number of
blades, N, and the number of nodal diameters, n, in the particular
mode. This relationship is:

By = 2T0 (2.1)
where B8, is expressed in radians. The pattern of nodal diameters
is defined as the locus of points on which the blades have no
deflection. This pattern is not stationary, but rotates around

the fan as the blades oscillate. In order to excite pure
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aeroelastic modes it is therefore necessary to use a traveling
wave which is spatially sinusoidal. In principle this would
entail using a continuous jet injected around the circumference of
the wind tunnel which is throttled to produce a wake which is
spatially sinusoidal. Since it is nearly impossible to produce
such a continuous jet, it is hoped that a series of discrete jets
which are phased properly can be used to approximate a continuous
throttled gust. This concept is illustrated in Fig. 2.1 As the
Jjets pulsate, the result will be an approximately spatially
sinusoidal velocity deficit at the rotor tip which rotates around
the circumference of the compressor test section.

Thus the concept can be summarized as follows. The result of
pulsing each jet sinusoidally with an appropriate difference in
phasing between adjacent jets is to produce an excitation force
which varies sinusoidally both spatially and temporally, and which
forms a traveling wave of velocity deficit around the annulus.
The temporal variation will excite the blades at a fixed
frequency, and the spatial variation will cause the blades to
vibrate with a specific interblade phase angle. The interblade
phasing is determined by the number of nodal diameters desired in
the vibration mode and the number of blades on the fan. The
pulsing frequency of a given jet is determined by the rotation
speed of the fan, the number of nodal diameters of the mode to be
excited, and the blade frequency in the rotating frame which is to

be excited.
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2.2 Calculation of Desired Pulsing Frequency

The required pulsing frequency of an individual jet depends
on several factors. These include the number of nodal diameters
in the mode to be excited, the rotational speed of the rotor, and
the natural frequency of the blades in the rotating frame to be
excited. To find this relationship, it is necessary to start from
the expression for the excitation forcing pattern as viewed in the
nonrotating (test section) frame. The forcing is a function of
the circumferential position P measured in the nonrotating frame
as shown in Fig. 2.2 and time, and can be expressed as:

fu(P,t) = f-cos(nP ~ wyt) (2.2)
where fy is the magnitude of the forcing at a given
circumferential position ¥ and time t, f is the maximum amplitude
of the forcing, n is the number of nodal diameters in the
particular mode, and wy is the frequency of the jet in the
nonrotating frame. This assumes the jet pattern is perfectly
sinusoidal both temporally and spatially. The jet frequency in
the nonrotating frame can also be expressed as:

Wy = nf2y (2.3)
where 2y is the jet pattern rate of rotation as viewed in the
nonrotating frame. Equation 2.2 now becomes:

fu(P,t) = f-cos(n? ~ nfyt) (2.49)

It is then necessary to make a transformation from the nonrotating
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frame to the rotating frame by letting:

P=8+Qt (2.5)
where 8 is the circumferential position of a point measured with
respect to the rotating frame attached to the fan as shown in
Fig. 2.2. Substituting into equation 2.4 gives:

fr(8,t) = f-cos(nd + n2t — nRxt) (2.6)
where fr is now the magnitude of the forcing as observed in the
rotating frame. Equation 2.6 can be reduced to:

fr(8,t) = f-cos{nd + n(R -~ NQx)t] (2.7)
Equation 2.7 is the expression for the forcing magnitude in the
rotating frame, and is analogous to equation 2.4, the expression
for the forcing in the nonrotating frame. The pattern still has n
nodal diameters, but they are observed at a frequency wg:

wp = n(Q - Ry) (2.8)

where wp is the effective jet frequency as observed in the
rotating frame, i.e., the frequency in the rotating frame at which
a blade is to be excited. This should correspond to the blade
natural frequency, since flutter in fans occurs most commonly at a
blade natural frequency. Equation 2.8 can also be expressed as:

Ry = @ - 2B (2.9)
Combining equations 2.3 and 2.9 yields:

wy = nfl - wp (2.10)
This expression now gives the jet frequency as observed in the
nonrotating frame in terms of the known values n, R, and wg, where

wp is the desired excitation frequency in the rotating frame.
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Note that by the sign convention chosen in equation 2.8 if
wp>0, we find that (2-Q24)>0, or @2>y. Thus the excitation moves
more slowly than the rotor, and as viewed in the rotating frame of
reference is a backward moving excitation. If wgp<0, then (2-12y4)<0
and <}y, and a forward moving excitation in the rotating frame
occurs.

Table 1 shows values of wy for various values of n at the
design parameters for the planned mistuned fan experiment. For a
value of wp<0, that is, forward excitation, wy is always positive,
thus forcing is always forward in the nonrotating frame. For
wr>0, that is, backward excitation, we have backward excitation in
the nonrotating frame for small n. This results in wy having a
value that is negative. Since the concept of negative frequency
has no physical meaning, these values for wy are plotted in
Fig. 2.3 as positive. For larger n, we have forward excitation in
the non-rotating frame. The data from this table is plotted in
Fig. 2.3

Table 1. 24 and wy as functions of n for the rotor
parameters of the planned mistuned fan experiment.

n Fr (Wn < 0) in (wa > 0)
ﬂi W ﬂ! W!

0 ® 1100 © -1100
2 817 1633 -283 -567
4 542 2167 -8 -33
6 450 2700 83 500
10 377 3767 157 1567
15 340 5100 193 2900
20 322 6433 212 4233
25 311 7767 223 5567
30 303 9100 230 6900
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It is important to note that for nodal diameters above half
the number of blades, aliasing occurs and the backward excitation
again looks like forward excitation in the rotating frame. In
other words, above n = —g—-, where N is the number of blades on the
rotor, backward excitation cannot be identified. The backward
excitation branch folds back, and recrosses the forward excitation
branch. This joining occurs at:

e (2.11)
wp having its negative value. At this value of n, Equation 2.10

becomes:

Wy =[—g—+-¥-]ﬂ"ﬁg
-5 (2.12)
which is half the blade passing frequency. Therefore the maximum
frequency necessary for wy, the jet pulsing frequency, is half the
blade passing frequency. If the jets can be pulsed at this
frequency, the entire range of interblade phase angles can be
excited.

Thus the frequency of jet pulsing has been completely
determined. Given wp, the desired frequency of excitation
(positive for backward moving waves and negative for forward
moving waves) and n, the number of nodal diameters, Equation 2.10
defines wy except when n is larger than ﬁg— In this case the

design is on the branch where backward excitation in the rotating
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frame is aliased to forward excitation. On this branch:

wx = -@n + [2- [—g—n - u..] + u.,] (2.13)

or the jet pulsing frequency is given by:

wy = -n + NR — wp (2.14)

2.3 Calculation of Jet Spacing and Diameter

Now that an expression for the jet pulsing frequency has been
obtained, it is necessary to determine an appropriate size and
spacing for the jets. The objective is to create an approximately
continuous spatially sinusoidal pattern using discrete jets. This
merging into a continuous pattern will occur due to the diffusion
of the jets into the mean flow.

The choice of jet spacing depends in part on the distance the
jet injector is located upstream of the rotor face. Since jets
diffuse as they are convected downstream, the further the distance
to the rotor the greater the allowable spacing becomes. Of course
the further the downstream distance from jets to rotor face, the
weaker the velocity deficit becomes, also due to diffusion with
the axial flow. A good compromise is to locate the injector holes
approximately ten jet diameters upstream.

Previous investigations (8] determined that a jet will
diffuse by approximately a factor of four at a station eleven jet
diameters downstream. Therefore, to insure that neighboring jet
wakes would appear merged at the rotor face, it was decided to

space the jets three jet diameters apart.
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In order to insure that a particular blade would perceive a
smooth spatial excitation force in modes with a large number of
nodal diameters, it was decided to use four jets per blade
spacing. For the experiment to be performed at the NASA Lewis
Research Center the blade spacing is 1.5". This indicated a jet
spacing around the circumference of the wind tunnel of about
.375". For this distance to be three jet diameters, a jet
diameter of .125" was required. To achieve the desired magnitude
of mixing diffusion, over the converted distanceof ten jet
diameters, this dictated that the jets should be located
approximately 1.375" upstream from the rotor. It wes estimated
from the jet penetration depth equations presented in Chapter 3
that these conditions will produce a jet penetration distance
capable of producing a sufficient excitation amplitude. These
design rules are illustrated in Fig. 2.4

Having determined the frequency at which the jets must be
pulsed, the spacing, and the axial location, there remains only
the relative phasing of the adjacent jets to determine. If the J
jets are spaced uniformly around the circumference of the test

section, the circumferential angle a between them is:

« = _§L (2.15)

where a is expressed in radians. The relative phase between two
jets depends on the number of nodal diameters in the pattern to be
excited:

2nn

B; =M= 5 (2.16)
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where 8; is the relative phase angle between jets also expressed
in radians. Note that in order to excite different spatial
patterns (nodal diameter modes) it is necessary to provide a means
to change 8;, the relative phase of adjacent jets.

The design requirements for the injector are now completely
specified. The injector must be capable of creating pulsing jets
at frequencies up to one half the blade passing frequency, with
relative phase between jets given by expression 2.16 above. It
should be located such that the size, phasing, and axial location

of the jets follow the rules oultlined above.

2.4 Fundamental Fluid Mechanical Considerations

The feasibility of using pulsating jets to excite vibrations
in rotating fans depends upon the answers to some fundamental
questions of fluid mechanics. The purpose of this study is to
determine whether or not the system of jets proposed in the
previous section will behave as anticipated. The first potential
problem to be resolved is to determine if there is an acoustic
limit to the frequency at which a jet can be pulsed. It is
expected that the maximum pulsing frequency of half the blade
passing frequency will be quite high, on the order of several
kilohertz. If this frequency is above the Helmholtz resonant
frequency of the jet plenum, it is possible that the flow will be
attenuated. This would limit the jet pulsing frequency which

could be obtained for a given injector, or would necessitate
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changes in the mechanical design of the jet injector system.

The second concern is over whether the jet pulses will
maintain their integrity and be felt by the rotor as discrete
gusts. It is thought that entrainment of the jet into the mean
flow may cause the pulsing jet to lose its periodicity at the
plane of the fan, thus causing the jet to lose its ability to
excite blade vibrations at discrete frequencies.

The third fundamental problem is whether the jets will
actually diffuse to form a continuous and smooth spatially
sinusoidal pattern, or will they remain relatively discrete as
they are convected downstream by the mean axial flow. The success
of exciting particular modes will depend on the ability to form
these spatially sinusoidal wake patterns.

The final fundamental concern is whether or not the pulsing
jets will be able to penetrate far enough into the flow to
effectively excite the blades. It is possible that a pulsing jet
may diffuse more rapidly than a steady jet due to its fluctuating
mass flow rate. This might result in a smaller penetration
distance and a decrease in the velocity defect produced, thus

decreasing the excitation force on the blades.

2.5 Implementation Considerations

In addition to the fundamental fluid mechanical concerns, the
feasibility of the proposed injector also depends on several

mechanical implementation considerations. The first problem is
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that of how to valve the jets so they turn on and off at the
necessary high frequencies. Typically a pulsing frequency of up
to five to six kilohertz will be necessary. The method developed
for this study involves placing a rotating hollow steel drum
inside an aluminum housing. This design is illustrated in
Fig. 2.5 The drum would be pressurized with a gas supply and would
be turned with a connecting electric motor. A series of holes in
the housing will provide the passageway for the jet from the inner
drum to the test section wall. At each jet exit location the drum
will be drilled with a series of evenly spaced holes. As the drum
turns, these holes become aligned with the holes in the housing to
provide the path for the jet flow. As the drum rotates, these
pathways will open and close very quickly, resulting in the
required high frequency jets. The resulting time history of the
Jjet open area is shown in Fig. 2.6.

The next problem is phasing the jets properly. Equation 2.16
gives the relationship for the interjet phasing in terms of the
number of equally spaced jets and the number of nodal diameters in
the mode to be excited. This phasing can be achieved by
offsetting the locations of each circumferential set of holes in
the inner drum. This procedure is illustrated in Fig. 2.7. The
result of this design is to produce pulsing jets, each of which
opens and closes at a slight phase difference from its neighbors.
To excite modes with different numbers of nodal diameters it will

be necessary to devise a way in which this phase difference
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between adjacent injected jets can be varied. One approach to
this problem is to closely couple the injector drum to the test
section wall and to construct drums with different offsets between
the axial locations of hole circles. Fig. 2.8a shows this
close-coupled concept. Another option involves using longer,
flexible tubes to connect the injector to the tunnel walls. This
method is illustrated in Fig. 2.8b. If these longer tubes can be
used while still producing acceptable pulsing jets, it may be
possible to use "pneumatic logic" to reduce the number of drums
needed. Fig. 2.9 illustrates how a single drum can be used to
excite three different modes.

Ideally, jets should be 1located around the entire
circumference of the test section. However, since it is
impossible to curve a constant radius rotating drum around the
test section, it was decided to use four separate units located on
the test section as shown in Fig. 2.8. Each injector spans 60° of
the test section circumference.

There remains the exercise of specifying the precise
parameters for the design of an injector for the planned mistuning
experiment and the prototype injector. The desired jet spacing in
the test section wall was determined in Section 2.3 to be .375".
The NASA Lewis Research Center Multistage Compressor Test Facility
has a diameter of 20", with a resulting jet spacing of a = 2.150.
This was rounded to a = 2o to simplify machining of the test

section casing. The result will be 31 jets in a single injector
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unit spanning 60° of the test section circumference.

The speed at which the drum is turned for a particular jet
frequency depends on the number of holes at each valving station
on the injector drum. A drum diameter of 2.5" was selected as the
largest which could be used while maintaining the jet placement at
approximately 1.5" upstreem of the rotor. The injector placement
in the NASA Lewis testing facility is shown in Fig. 2.10 Ideally
it is desired to place the .125" diameter jets .25" center to
center around the drum. However, this would result in 31.4 holes
at each valving station on the drum. Therefore the drums are
designed with 30 holes at each axial station located 12° (or
approximately .26") apart. This design will yield a jet pulsing
frequency of 30 times the drum rotation frequency. This design
will also insure that each jet pulse terminates completely before
the next pulse begins.

In order to determine the maximum frequency, the details of
the fan to be tested must be examined. The fan to be used in the
mistuned rotor experiment has 42 blades and is designed to operate
at 16,000 rpm. From Equation 2.12 the maximum required pulsing
pulsing frequency is 5600 hz. The injector valve drum speed to
produce this jet pulsing frequency will be 11,200 rpm. The 42
bladed rotor has 42 aeroelastic traveling wave modes associated
with its first blade torsional frequency of approximately 1100 Hz.
In principle, to excite all the aeroelastic modes, 21 different

nodal diameter patterns would be required. Each pattern can
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excite a forward or backward wave, depending on the direction of
drum rotation in the injector mechanism. In practice, if 10
traveling wave modes could be identified, requiring only 5 drum
hole patterns, a great deal of information couldvbe derived.

In this chapter the conceptual design for a device to excite
vibrations in a rotating fan by injecting pulsing jets into the
flow has been presented. Calculations were performed to determine
the maximum jet pulsing frequency which will be required. This
was found to be equal to half the blade passing frequency.
Calculations were also performed'to determine the appropriate jet
spacing, size, and location in the test section. It was
determined that for the planned mistuning experiment the jets
should be .125" in diameter and be spaced .375" apart. The jets
should be located approximately eleven jet diameters upstream from
the fan. Calculations for the proper phasing between adjacent
jets to excite different aeroelastic modes were also presented.
The fundamental fluid mechanic and practical implementation

questions to be answered in this report were also posed.
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3. Models of Transverse Jet Behavior

Before analyzing the behavior of unsteady jets in a cross
flow, it is first necessary to understand the behavior of steady
Jjets in a cross flow. This chapter will discuss the general
behavior of steady jets and summarize the results of research in
this area. The additional effects due to the unsteadiness of the
jet will then be discussed.

The general characteristics of steady jets in a cross flow
such as the penetration, diffusion, and the turning of the jet
will be presented in Section 3.1. Past research into steady jets
will be discussed, including empirical predictions of the jet
trajectories. The additional factors due to unsteadiness of a
pulsating jet will be discussed in Section 3.2 and the reduced

ff'equencies of importance will be defined.

3.1 Steady Jet Behavior

As a transversly injected jet enters the cross flow, two
effects begin to cause the jet’s direction to change and turn with
the flow. The first effect is a pressure difference occurring
across the jet. The injected jet blocks the flow and causes a
pressure defect to form in the wake of the jet. The resulting
pressure difference causes the jet to begin to turn downstream.
This pressure difference is the dominating effect in determining

the downstream curvature in the early portion of the jet
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trajectory. The second effect is the entrainment of the jet into
the mean cross flow. This effect dominates the latter portion of
the jet trajectory [8].

Just as in the classic model of a jet in the absence of a
cross flow, diffusion of the jet flow occurs, affecting its shape
and velocity. The jet expands so that its defining boundaries
become larger. The momentum of the jet begins to diffuse, and the
peak velocity along its center line decreases. This effect is
illustrated in Fig. 3.1.

Furthermore, a secondary flow interaction develops with the
mean flow. As the jet travels it loses its initial round shape
and takes on a horseshoe shape. This effect is illustrated in
Fig 3.2. This change in shape is due to the fact that the fluid
particles at the edges of the jet have less momentum and are
entrained into the mean flow more rapidly. This results not only
in the characteristic horseshoe shape, but in the formation of two
shed vortices in the wake which grow and eventually dominate the
downstream flow.

The effect of the injected jet is therefore to introduce both
a velocity deficit and excess into the mean flow. At a short
distance downstream from the injected jet, the net effect is seen
as a pressure defect directly behind the jet close to the exit
wall. Further from the wall the excess at the Jjet centerline is
seen, and still further from the exit wall the flow is largely

undisturbed by the presence of the injected jet. This is
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illustrated in Fig. 3.3.

Various studies have confirmed this model of steady jet
behavior (7,8,9,10]. Margason [10] has derived an empirical
relationship for the penetration distance of a steady jet injected
into a cross flow from flow visualization studies and has compared
it to relationships developed in other studies by both analytic
techniques and experimental curve fit procedures. In general, the
penetration depth normalized by the jet diameter is dependent only
on the effective velocity ratio and the angle at which the jet is
injected relative to the free stream. The effective velocity
ratio is defined as:

Vo = f:g;_ (3.1)
p;U;
where p is density , U is velocity, and the subscrpts ® and j
refer to the free stream and jet respectively. V, is an effective
measure of the relative kinetic energy of the mean flow to the
injected jet flow. All the relationships reviewed by Margason are
very similar. The penetration distance depends on a power of the
velocity ratio and a power of the downstream distance. For a jet
injected at an angle of 90° to the flow Margason’s empirically

derived relation is:

3
x _ -1 [z] .42
n‘i[n]"' (3.2)
where z is the vertical penetration distance, x is the distance

downstream, D is the jet diameter, and V, is the effective
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velocity ratio. Margason derived this relationship from an

empirical fit to flow visualization data. The negative sign is
due to the coordinate system used in his experiment, where z was
defined as positive downward. Changing to a convention defining z
as positive upward, Equation 3.2 can also be solved for the

penetration distance as:

3
z 4(x/D)
- = — (3.3)

Ve
Jordinson [#] formed a similar empirical relationship by
assuming the same functional form and using maximum total pressure
measurements in the curve fit. The resulting relationship is:

X z 3 3
—D— = -2.3- [T] ‘V. (3-4)

This equation also defines z as positive downward. After changing

this convention to one defining z as positive upward and solving

for the penetration distance, Equation 3.4 can be expressed as:

3
: =3 [5]
< = : 7 (3.5)

Callaghan and Ruggeri [7] use a slightly different functional
form to develop an empirical curve fit for their data. They used
a temperature probe to determine the penetration distance of a

heated jet and developed the equation:

2
e U 3.3
X C z
£ - o.ua[——mm] [—D ] (3.6)

Solving for the penetration distance, equation 3.6 becomes:
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J [—] (3.7)
[psUs

As a practical matter, Equations 3.3, 3.5, and 3.7 all yield
comparable jet trajectories. They are plotted together for a
number of cases by Margason [10]. Equation 3.3 will be used in

this report for calculation of jet penetration distances.

3.2 Effects of Unsteadiness

The fact that the jet is pulsing fundamentally changes the
character of the jet. The mass flow rate is no longer constant,
but varies from zero to some maximm value. The effect this will
have on the behavior of the jet and the nature of its interaction
with the mean flow is unknown. A thorough understanding of these
effects of unsteadiness is the goal of this study.

However, it is possible to define two non-dimensional
parameters of importance in the study of a pulsing jet. Both are
identifiable as reduced frequencies, but are based on different
reference lengths. ‘The first reduced frequency is based on the

hole diameter, so that:

i
i

Kp = (3.8)

where Kp is the reduced frequency based on the jet diameter, f is
the jet pulsing frequency in hertz, D is the jet diameter, and U,

is the velocity of the cross flow. This reduced frequency relates

39



the convection time of the mean flow across the jet opening to the
period of the jet. It is therefore a measure of the unsteadiness
of the injection process occurring at the jet orifice. If this
reduced frequency is less than unity, the mean flow will feel the
Jjet injection in the vicinity of the injector as a quasi-steady
process. Typical values for Kp in the experiment described ranged
from 0.02 to 0.66. Thus this injection reduced frequency was
always less than unity, and the injection phenomena was therefore
quasi-steady.

The second reduced frequency is based on the distance
downstream from the jet at which measurements are made or the wake
structure is being studied. It is defined as:

fx
Kx = _U—u (3.9)
where Ky is the reduced frequency based on the distance downstream
from the jet, and x is the downstream distance. This reduced
frequency relates the convection time of the jet flow to a fixed
downstream station to the period of the jet. It is therefore a
measure of the unsteadiness of the interaction or mixing of the
Jjet and the mean flow, as observed at a downstream station. If
the value of Ky is less than unity, the effects of a given pulse
will have been carried past the measurement station before the
next jet pulse begins. Thus the interaction will be quasi-steady.

If Kx is greater than unity the effects of several jet pulses will

be contributing to the downstream flow at any one time, and the
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process will be highly unsteady. Typical values for Kx in these
experiments ranged from 0.26 to 6.4. Thus a range of behavior of
the injection process from largely quasi-steady to unsteady was
studied.

In this chapter the known behavior of steady jets in a cross
flow based on past studies has been discussed as a preliminary
step toward understanding the behavior of a pulsing jet in a cross
flow. The additional effects of the unsteadiness of a pulsing jet
were then introduced and the reduced frequencies of importance

were defined.

4]




4. Design of Prototype Experiment

In order to test the feasibility of the injected pulsing jet
method of fan excitation, it was necessary to design and build a
prototype device. This prototype was designed with the jet
diameter, spacing, and pulsing‘ frequency which matched " the
requirements for the fan excitation system to be used in the
actual aerodynamic measurement experiment, to be performed in the
Multistage Compressor Test Facility at the NASA Lewis Research
Center. The prototype was then tested in a low speed wind tunnel
at MIT in order to determine if the use of injected pulsating jets
is a practical means of exciting vibrations in rotating fans.

In this chapter, the design of the prototype experiment will
be discussed. In Section 4.1, the hardware used in the experiment
is described. The testing procedure is presented in Section 4.2.
The data reduction and analysis methods are discussed in

Section 4.3.

4.1 Hardware

The design and fabrication of the injector itself and the
measurement instrumentation will be discussed in this section.
The full size injector for the close coupled injector concept
discussed in Section 2.5 covers 60° of the test section
circumference. For a 20 inch test section, this would require a

drum of approximately 13 inches in length. The prototype jet
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injector was made shorter than the actual injector in order to
minimize manufacturing difficulties. The prototype design is
shown in Fig. 4.1. The prototype had a 6.5" long drum within an
8" housing. A close tolerance was required between the drum and
housing in order to reduce jet crosstalk. Because of the
possibility of contact between the drum and housing at the high
drum rotation speeds involved, a steel drum and aluminum housing
were built. It was believed that rubbing in a steel-aluminum
system would not result in catastrophic welding if a seizure
occurred. An aluminumaluminum device would experience more
severe binding problems in the event of contact and might weld if
a seizure occurred at high speeds. Steel was avoided for use in
the housing due to the relative difficulty in boring a long hole
in steel. Also, since aluminum has a higher coefficient of
thermal expansion than steel, as the system heats up the
separation between the drum and the housing will increase rather
than decrease, reducing the possibility of seizure due to thermal
growth.

In order to determine the cold clearance between the inner
steel drum and the outer aluminum housing it was necessary to
account for three factors. These included the expansions of the
drum due to rotation, thermal expansion, and the radial play of
the support bearings.

The drum expansion due to rotation is governed by the

expression:
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92r3
Ar = ‘DTP_ (4.1)

where Ar is the change in drum radius due to its rotation, r is
the mean radius of the drum, 2, is the rotational speed of the
drum, p is the density of the drum material, and E is the Young’s
modulus of the drum material. For values expected in this
experiment, that is, p = 11,200 rpm, r = 1.25", p = .283 lb/ins,

6 lb/inz, Ar has a value of 7 x 102 in.

and E = 29 x 10

The thermal expansion of the steel drum is governed by the
relation:

Ar = raAT (4.2)
where a is the coefficient of thermal expansion for the drum
material and AT is the change in temperature. This calculation is
a worst case analysis, since it is assumed that only the steel
drum undergoes a temperature change. In actuality, the aluminum
housing will also expand and for the same change in temperature
will actually expand more than the steel drum. Selecting a AT of
100°F at the thermal pinch point, and setting a = 6.6 x lO—S/OF,
Ar has a value of .00083".

The radial play of the support bearings used in this device
is rated at .0002-.0004". Thus summing the contributions of the
mechanical, thermal, and bearing play deflections, the maximum Ar
expected is .0013". Therefore clearance between the inner steel

drum and the aluminum housing was chosen to be .002". This is 1.5

times the maximum expected growth in radius.




The diameter of the drum was therefore ground to 2.496", and
the housing was bored with a diameter of 2.500". The drum was
mounted on a .5" diameter precision steel shaft. The shaft was

tm

suspended in the housing on two precision Barden ~ ball bearings.

Tolerances on these bearings met ABEC-7 standards, with the best
radial play tolerances available. The shaft was in turn connected
to a 1/4 horsepower drive motor through a flexible coupling to
eliminate the possibility of applied transverse forces due to
motor misalignment. This arrangement is shown in Fig. 4.2. The
motor speed was controlled by a variable transformer.

A bank of twelve prepurified nitrogen bottles was used as a
gas supply for the jet injector. Prepurified nitrogen was chosen
since its density is very near to the density of air and it has
very few impurities. The bottles were hooked to a common manifold
equipped with a high mass flow pressure regulator to control
delivery pressure. A pressure gauge in the supply line was used
for the monitoring of the delivery pressure. A flexible copper
tube with an inner diameter of 7/16" delivered the flow from the
regulator to one end of the injector housing. This diameter was
chosen to keep the cross sectional area of the supply line greater
than the total area of the open jets. This insures that sonic
flow would first occur at the jet orifices. The gas supply system
is diagrammed in Fig. 4.3.

In order to introduce the gas supply into the inside of the

drum, the injector housing was machined with a slot passing
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through 60° of arc at the axial location of the gas inlet. The
drum was perforated with eight equally apaced 3/8" diameter holes
at this axial location. This resulted in one or more of the holes
in the drum being open to the slot at all times. This arrangement
provided a continuous passage for the gas supply to the interior
of the drum, which acted as a plenum. This design is illustrated
in Fig. 4.4.

The remaining length of the drum was drilled with a series of
1/8" diameter holes which encircle the tube. At each axial
location, there were thirty equally spaced holes. The axial
stations are 3/8" apart, as in the actual injector. There were
eleven such axial locations in the drum. The housing was drilled
with eleven 1/8" diameter holes which lined up with the holes in
the drum. Each row of holes in the drum was offset 2° from the
preceeding one. Since there are 30 holes at any station of the
drum, this causes the interjet phasing B8; to be 60 degrees. Said
another way, this causes there to be six holes in a cycle of the
spatially sinusoidal envelope formed by the injected jets. This
was chosen as the most severe test of the ability of discrete jets
to form a sinusoidal envelope. By comparison, in the actual
injector design the greatest interjet phase required is only 42
degrees, based on Equation 2.16.

The rotation speed of the injector drum was monitored by a
tachometer made up of a photosensitive transistor and a light

emitting diode. A small metal trigger attached to the shaft
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interrupted the path between the transistor and the diode once per
revolution. The result was a pulse in the output voltage of the
circuit which was used as a clock as described in Section 4.2.

The wind tunnel used in this experiment was a low turbulence
wind tunnel with a 12" x 12" test section. The test section speed
was monitored by a pitot-static probe attached to an alcohol
monometer. This probe was located near the top center of the test
section three inches upstream from the jet injection point. The
jets were injected upward into the mean flow and the surface of
the injector was placed flush with the tunnel wall. No attempt
was made to bleed off the boundary layer. The measurement probes
were inserted into the flow from the side of the tunnel. A
diagram of the wind tunnel testing arrangement is shown in
Fig. 4.5. The maximum tunnel speed used was 60 mph.

In order to make time accurate measurement, a probe designed
around a Kulite pressure transducer, model number XCQ-062, was
used to measure the total pressure of the flow downstream from the
jet. This transducer is rated to 50 psi and has a frequency range
of 600 kHz. These characteristics made it suitable for measuring
the high frequency pressure fluctuations involved in the
experiment. The transducer was recessed into a probe with an
L-shaped head, and the bore of the tube forward of the transducer
face was machined with a 15° angle according to standard probe
design technique to minimize the probe’s sensitivity to slight

misalignments to the flow. Fig. 4.6 shows the probe designed.
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The tubing was 0.085" stainless steel, and the length of the tube
section forward of the bend was 1.5", or approximately 17.6 tube
diameters. The probe was attached to a traversing mechanism with
micrometer movements for locating the probe at a desired point for
data collection. An attachment head was made for the probe which
allowed it to be used as a static pressure probe. This attachment
is shown in Fig. 4.9. The probe was calibrated by evacuating the
reference pressure tube and determining the transducer guage
factor by comparing the output voltage to the known atmospheric

pressure.

4.2 Testing Procedure

Before the prototype was tested in the wind tunnel, base line
tests were performed on the lab bench in the absence of cross
flow. The test setup is shown in Fig. 4.8. This was done in
order to examine the velocity: distribution of steady jets to
confirm that the jets produced behaved as expected, and to allow
comparison with classical experiments and theory. First, the
injector was operated with one hole in an open position and all
other holes covered. The Kulite pressure transducer was mounted
on a traversing device with micrometer movements. Total pressure
measurements were made across the jet at a number of heights from
0.5" to 2" at a delivery pressure of 20 psig. Then a series of
measurements were taken at a height of 2" at a series of delivery

pressures ranging from 20 to 100 psig. These measurements were
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then repeated with six holes (one spatially sinusoidal cycle)
uncovered. This data is presented in Section 5.1.

Next a series of tests were performed with pulsing jets being
produced. This was done to acquire an understanding of the
effects of the unsteadiness in the delivery system and to observe
the amount of turbulence present in a pulsing jet in the absence
of a cross flow. First a single pulsating jet was observed over a
frequency range from 500 to 4900 Hz., and the total pressure
measured in the unsteady jet were recorded as a function of time.
Traverses were made and instantaneous pictures of the pressures
were reconstructed from the data at 10 fractional instants of the
hole opening period. These tests were then repeated with six
pulsing jets open. The results of these tests are discussed in
Section 5.2.

The prototype injector was then set up in the wind tunnel.
First, tests were run with. a single steady jet in an effort to
reproduce the classic steady single injected jet experiments. A
single downstream distance of 11 jet diameters was selected and
vertical traverses were made with the total pressure transducer to
determine the jet penetration depths at wind tunnel speeds ranging
from 37.9 to 60 mph and delivery pressures ranging from 5 to 20
psig. Then wind tunnel speed of 60 mph and a jet delivery
pressure of 5 psig were selected and measurements were taken at a
matrix of points in the transverse plane. From this data,

contours of constant pressure were constructed. The results of
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these tests are presented in Section 5.3.

It was discovered that upon inserting the Kulite pressure
transducer into the tunnel flow, several seconds were required
before the transducer output reached a relatively stable value.
This behavior was due to thermal effects within the transducer.
To isolate this effect from the data measurements, it was
necessary to frequently record the transducer output voltage
readings of the tunnel flow with no injected jet flow . These
readings were used as the reference pressure P, in the calculation
of the pressure coefficient C,. In this way, thermal drift
effects were not allowed to accumulate, and essentially were
subtracted out of the calculation of C,.

The next step was to measure the total pressure of a single
pulsing jet at a wind tunnel speed of 60 mph and a jet delivery
pressure of 5 psig. Vertical traverses were taken at frequencies
ranging from 500 to 4900 Hz. to reconstruct instantaneous pressure
profiles. These measurements were repeated for mean flow speeds
ranging from 37.9 to 60 mph and jet delivery pressures ranging
from 5 to 20 psig at a jet pulsing frequency of 3200 Hz. to
determine the penetration depths. Then measurements were taken at
a complete matrix of points for a wind tunnel speed of 60 mph and
a jet delivery pressure of 5 psi at a jet frequency of 715 Hz.,
and instantaneous pressure contours were reconstructed. The grid
was 2" wide, centered on the jet, and 2.5" high. Finally, this

test was repeated with six neighboring pulsing jets to obtain the
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multijet pressure contours. This data is shown in Section 5.4.

4.3 Data Reduction and Analysis

During both benchtop and wind tunnel tests the output voltage
from the pressure transducer was recorded with a two channel
Nicolettm digital storage oscilloscope. The data was first passed
through a low pass filter. The filter used was an A.P Circuit
Corp. model AP-255-5, which has a four pole maximum flatness
Butterworth type response, and falls off at a rate of 24
db/octave. Steady data was filtered with a 3000 Hz. cutoff
frequency. Unsteady data was filtered with the cutoff frequency
at least four times the jet pulsing frequency, and was stored
simultaneously with the signal from the clock circuit. Care was
taken so that at least two pulses in the clock signal were
recorded. This was done since the time at which all data was
taken was referenced to its relative time between the two clock
pulses. Said another way, using the timing pulses as a time
reference, it was possible to determine the drum angle
corresponding to each data point.

In order to facilitate examination of the time history of a
data trace, an ensemble averaging program was used on the data to
construct an image of the average pulse. Data was examined
between the two clock pulses. Since thirty jet pulses occur
during each rotation of the drum, there are thirty jet pulses

between any two clocking pulses. A computer program divided this
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portion of the data into 600 "bins,” or twenty bins per jet pulse.
Other numbers of bins were examined, and it was decided that
twenty bins provided sufficient resolution of the unsteadiness.
Each data point was assigned to its proper bin, and then all the
points in the first bin of each pulse were added together, those
in the second were added together, etc. The totals were divided
by the number of points assigned, and thus the average pulse was
formed at each location from the ensemble average of thirty jet
pulses. The standard deviation of each point of the average pulse
was also calculated to obtain information on the variation of the
pulses from the average pulse. As a result of this process, an
ensemble averaged pulse as a function of time was available at
every point measured.

In order to obtain an instantaneous spatial image of the flow
field at any instant in time it is necessary to convert the
pressure time history taken qt individual points in space to
pressure contours in space at individual instants in time. These
contours of constant pressure or pressure profiles were
constructed by collecting the values from the same bin (i.e. the
same nondimensional time) from all the data traces from a certain
set of test conditions. In this way, a series of instantaneous
contours could be developed for successive times during a jet
pulse. This collection of instantaneous contours portrays a time
history of the pressure field characteristics.

The resulting data could be used to construct profiles or
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complete contours of the pressure coefficient Cp,. C, is defined

as:
(4.3)

where P, is the total pressure measurement, P; is the total
pressure of the jet at its orifice, and P, is the total pressure
of the fr;e stream. This quantity was originally defined by
Jordinsen [8)], and was used in this experiment to compare the
single steady jet in a cross flow data with classic experiments to
verify the validity of the experimental procedure. All data
collected was reduced in terms of the pressure coefficient C,.
For the bench measurements, P was taken as the ambient static
pressure. |

In this chapter the experimental apparatus and setup was
described. The testing procedure was outlined for all tests to be

performed. Finally, the data reduction and analysis methods were

presented.
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5. Experimental Results

The results of the testing program outlined in Chapter 4 are
presented and discussed in this chapter. The general objective of
the testing program was to determine if a gas jet injector could
be built which would be capable of exciting the aeroelastic modes
of a high speed fan. The specific objective of the prototype
testing program was to answer the four fundamental fluid
mechanical questions posed in Chapter 2. These questions focused
on: 1. Discovering if there is an acoustic limit to the jet
pulsing frequency which can be obtained; 2. Determining if the
pulsing jet gusts remain temporally discrete as they penetrate the
flow; 3. Determining if the individual jets will interact to form
a spatially sinusoidal pattern; and 4. Determining how the
presence of unsteadiness in the jet affects its penetration
distance.

Additionally, it 1is necessary to answer the questions
concerning the practical design and implementation of the jet
injector. These include: 1. Determining if the jets can be
valved at the necessary high frequencies; 2. Determining if the
Jjets can be phased properly to form a spatially sinusoidal
excitation force; and 3. Determining if flexible tubing can be
used to implement pneumatic logic to decrease the number of
injector drums required.

The preliminary tests performed with steady jets in the
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absence of a cross flow are discussed in Section 5.1. The results
of the tests performed with unsteady pulsing jets in the absence
of a cross flow are presented in Section 5.2. These tests were
performed to discover if an acoustic limit to the attainable jet
pulsing frequency exists. These tests also examined the ability
of the injector design to valve the jets at high frequencies and
investigated the effect of long flexible plenum tubing on the jet
flow characteristics. In Section 5.3, the results of the tests
with a steady jet injected into a cross flow are presented. These
tests were performed to validate the testing procedure and to
provide a comparison for the unsteady jet behavior. Finally, the
tests of pulsing jets injected into a cross flow are discussed in
Section 5.4. These results answer the remaining questions of
gust pulse discreteness, gust spatial pattern formation, and jet

penetration distance.

5.1 Steady Jets in the Absence of a Cross Flow

The testing program began with the observation of a single
steady jet in the absence of a cross flow. The experimental set
up is shown if Fig. 4.9. These tests were performed to compare
the velocity profile and decay of a turbulent jet with classical
analysis for a single steady turbulent jet. Typical jet profiles
are shown in Fig. 5.1. Data was taken with the probe at the
heights above the jet orifice and gas delivery pressures indicated

in Fig. 5.1. A theoretical curve for the profile of a circular
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jet is provided for comparison. This curve, presented by
Schlichting [13], is based on Prandtl’s mixing length‘theory.
Schlichting originally presented this curve as the ratio of the
Jet velocity to the maximum jet velocity,

the normalized distance, WWYT—T The data from the current
. nax

i , as a function of
naAX

investigation is presented as the ratio of the presshre
coefficient Cp, to the maximum value of Cp. Recall that C, is

defined as:

PP,

In Fig. 5.1, the curve representing Schlichting's analytical
result has been modified to reflect the fact that for an

incompressible jet:

Ce =[ U ]2 (5.1)

CPIIX Ullx

To be consistent, the appropriate normalized y coordinate is

Y . It can be seen that there is good agreement
Y(5-25'Cp-.x5

between the experimental data and the analytical model presented
by Schlichting. These results verify that the prototype injector
is producing nominal turbulent jets which behave as predicted by
theory, and -that the measurement method used in this study is
capable of accurately measuring the jet behavior.

Next, the decay of the centerline velocity of a fully open
Jjet was examined. The relationship between the pressure
coefficient C, and the measurement distance from the jet orifice

normalized by the jet diameter, z/D, is shown in Fig. 5.2 on a
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logarithmic plot. Schlichting [13] predicts a 1/z relationship
between the jet velocity and the measurement distance from the jet
orifice based on Prandtl mixing length theory. This corresponds
to a 1/z2 relationship between the pressure coefficient C, and the
measurement distance from the jet orifice. Therefore, a line with
a slope of -2 is shown in Fig. 5.2 for comparison. It can be seen
that in the far field the data asymptotically approaches the
prediction by Schlichting. The same data is presented in Fig. 5.3
on a linear scale. Here it can be seen that the experimentally
measured value of C, goes to unity at the jet orifice, by
definition, and asymptotically approaches the curve 1/z2 as the
measurement distance from the jet orifice is increased. So, once
again, in the far field the measurements agree with the analytical
model.

Tests were then performed to examine the ability of discrete
jets to be superposed and to interact to form a spatially
sinusoidal pattern. This was done by traversing with the pressure
probe through the flow formed be six jets, with the injector drum
fixed so that the third hole from the left was held fully open.
Measurements were taken for nondimensional distances from the jet
orifices z/D of 4, 8, 12, and 16 with a gas delivery pressure of
20 psig. The resulting pressure fields are shown in Fig. 5.4.
The jet centerline decay, and diffusion with neighboring jets to
form a smoother envelope at greater distances from the orifice can

be seen.
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Traverses were also made in a direction perpendicular to the
row of jets in order to determine the flow behavior in the
transverse plane and to discover the degree to which the total
flow can be considered a superposition of individual jet flows.
These cross-traverse measurements, taken at a distance of z/D = 12
above the jet orifice, are shown in Fig. 5.5, superimposed on a
traverse over the row of jets. The horizontal axis is s/D, where
is taken to be x for the cross-traverses and y for the traverse
along the row of jets. From this figure it can be seen that the
pattern formed by multiple jets is basically a superposition of
the patterns produced by individual jets, and that the jet
profiles in the transverse plane are those of normal turbulent
Jets.

Static pressure measurements were made across a typical jet
using the modifying attachment for the total pressure probe
described in Section 4.1. The results indicated that the static
pressure is equal to the atmospheric pressure everywhere,
confirming the usual assumptions of jet theory.

The results of the tests performed on steady jets in the
absence of a cross flow confirm that a the single jet produced by
the injector behaves as a nominal turbulent jet. Secondly, the
behavior of many jets is understandable in terms of the behavior
of individual jets, in that the flows from single jets can be
superposed to approximately obtain the behavior of the multijet

flow.
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5.2 Pulsing Jets in the Absence of a Cross Flow

Tests were next performed with pulsing jets in the absence of
a cross flow in order to acquire a preliminary understanding of
their behavior. The principal objective was to determine if
there exists an acoustic limit to the jet pulsing frequency which
can be achieved, and how this limit might depend on the plenum
length, that is, the distance from the jet valve to the jet
orifice.

First, the flow produced by six pulsing jets was examined
with the shortest plenum length, L = .25". Figs. 5.6, 5.7, and
5.8 show the resulting pressure field distributions at successive
instants in time for pulsing frequencies of 1044 Hz., 2618 Hz.,
and 4078 Hz. and a gas delivery pressure of 20 psig. Measurements
were taken at a distance above the jet orifice z/D = 4. Comparing
these waveforms with the steady multijet pressure distributions
shown in Fig. 5.4, the similarity between both the waveforms and
the amplitudes can be clearly seen, especially at lower
frequencies. At higher frequencies, the waveforms decrease
slightly in amplitude. These tests were repeated with
measurements taken at a distance above the jet injector z/D = 12
and pulsing frequencies of 512 Hz., 2553 Hz., and 4071 Hz. These
pressure distributions are shown in Figs. 5.9, 5.10, and 5.11. A
distinct loss of both amplitude and discreteness of the jets can

be clearly seen, especially in Fig. 5.11, the case with the
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maximum measurement distance and pulsing frequency.

In Fig. 5.12 the ensemble average pulse shape as a function
of time is shown for a point directly above the third jet from the
left in the row of jets at a distance above the jet injector
z/D = 4 for jet pulsing frequencies of 1044 Hz., 2618 Hz., and
4078 Hz. The value of the maximum pressure coefficient of a
steady jet for this flow condition is shown for comparison. It
can be seen that there is a slight decrease in the peak pressure
as the pulsing frequency increases. A spectrum of each of these
average pulses showing the relative magnitude of the component
frequencies is shown in Figs. 5.13-5.15. These spectra are only
reliable for the first few harmonics, but it can be seen clearly
that the dominant frequency present is the pulsing frequency of
the jet. Also, the spectra are all very similar in form.

The magnitudes of the first three harmonics of the spectra
for the measurements made above the third jet from the left are
shown at heights of z/D = 4, 8, and 12 in Figs. 5.16-5.18 as a
function of the jet pulsing frequency. It can be seen that in all
cases the magnitude of a given harmonic decreases as the jet
pulsing frequency is increased.

A summary of the dependence of the maximum pressure on
frequency is shown graphically in Fig. 5.19. Data from an
additional measurement station of z/D = 8 has been shown. The
ratio of the maximum pressure coefficient value to the steady

pressure coefficient value at the corresponding measurement
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station has been plotted against the jet pulsing frequency. The
calculated fundamental acoustic frequency for a cylindrical cavity
.25" long with open ends is approximately 27,100 Hz. The decrease
in maximum pressure as the pulsing frequency increases can be
clearly seen. However, since the pulses do remain discrete at
high frequencies, there appears to be no acoustic limitation, and
the reduction in pressure can be compensated for by increasing the
gas delivery pressure.

Now that no acoustic limit has been found for the shortest
plenum length, it is desirable to discover if it is possible to
use a longer plenum. If so, the engineering of the jet injector
will be simplified. The next set of tests were performed to study
the effect of jet plenums of various lengths on the flow
characteristics. The jet plenum length was varied using two
different methods. The first method involved the addition of
plates to the top of the injector which had holes drilled to match
the jet locations. This method is shown in Fig. 5.20, and was
used to produce plenum lengths of L = 0.75", 1.25", 1.75", 2.25",
and 2.75". The second method involved using an attachment
consisting of two plates with holes drilled to match the jet
locations, separated by two inches. The holes in the two plates
were connected by flexible tubes with an inner diameter of .125",
and lengths varying from 2" to 6". This method is illustrated in
Fig. 5.21, and was used to produce plenum lengths of L = 3.25",

4.25", 5.25", 6.25", and 7.25"
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All measurements for the plenems of various length were made
at a distance from the jet orifice of z/D = 4. A few
representative ensemble averages of the pressure profiles are
shown in Fig. 5.22 for a plenum length of 3.25". Comparing these
to the ensemble average time histories shown in Fig. 5.12 for a
plenum length of .25", it can be seen that the only apparent
difference is a decrease in the peak pressure. The results of
these tests with varying plenum length are summarized in
Fig. 5.23, where the ratio of the maximum pressure coefficient to
the steady Jjet pressure coefficient is plotted as a function of
frequency for the various jet plenum lengths. It can be seen
clearly that the pressure coefficient decreases slightly as the
jet plenum length is increased. Also, it can be seen that the
data appears to form two different families of curves. The data
composing the lower curve consists of the cases where longer
flexible tubes were used which were curved to fit between the two
metal plates. Evidently the curving the connector tubes caused a
greater decrease in the peak pressure.

Spectra of jet time history are shown in Figs. 5.24 and 5.25
for jet pulsing frequencies of 578 Hz. and 4902 Hz. for the case
of L = 3.25". This case was of special interest because the
fundamental resonant frequency for a tube of this length with open
ends is approximately 2100 Hz. Thus the two cases shown represent
data taken well below and above the fundamental resonance. It can

be seen that the jet pulsing frequency is still the primary
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component of both spectra, and that the pulses do not appear to be
attenuated at higher frequency. The magnitude of the first three
harmonics of the spectra for the measurements made at z/D = 4 for
jet plenum lengths of L = 3.25" and 7.25" are shown in Figs. 5.26
and 5.27. As before, the magnitude of the fundamental harmonic
decreases as the jet pulsing frequency is increased, while the
magnitudes of the higher harmonics are essentially unchanged.
Overall these results indicate that there is not a strong
second order acoustic behavior of the jet flow in the plenums.
Neither resonances nor strong attenuation above the fundamental
resonance are found. Therefore flexible tubes may be used to
connect the jet injector to the wind tunnel wall without losing
the discrete pealt in pressure or the harmonic character of the

pulsing jet.

5.3 Steady Jet in the Presence of a Cross Flow

Before studying the interaction of multiple unsteady jets
with a cross flow, it was desirable to examine steady jet
interactions. In order to verify the testing procedure and
develop a data base for comparison with classical steady jet
measurement, the behavior of a single steady jet was first
observed. The experimental wind tunnel setup is shown in Fig. 4.6
and discussed in Section 4.1.

The first tests performed involved taking steady total

pressure measurements in a plane at x/D = 11, i.e. 11 jet
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diameters downstream. The measurements were taken at a matrix of
points in the y-z plane to construct contour plots of constant
pressure. These measurements were performed with both the Kulite
pressure transducer and with a standard pitot-static probe. This
was done to establish the reliability of the Kulite transducer.
The resulting contours for a wind tunnel speed of 60 mph and a jet
delivery pressure of 5 psig are shown in Fig. 5.28. These values
for wind tunnel speed and jet delivery pressure were chosen by
using isentropic flow relations to match the velocity ratio used
for results reported by Jordinson [8]. Jordinson reports results
3

for a velocity ratio —g— = 8. The pressure contour plot developed

®
by Jordinson for this downstream plane and jet velocity ratio is
also shown in Fig. 5.29 for comparison. As can be seen, the
pressure contours taken with the Kulite (after correction for
temperature drift as discussed in Section 4.2) and the contours
taken with the pitot static probe agree quite well. Thus the
Kulite total pressure probe gives accurate steady measurements of
the flow.

Comparison of the current data with results obtained by
Jordinson show qualitative agreement in size and shape of the
pressure disturbance, but show a quantitatively smaller Cp excess
and a corresponding larger deficit. Thus the Cp data of Jordinson

is shifted slightly by an algebraic factor. Despite several

attempts to reconcile these measurements, the fact that the Kulite



and pitot-static probe measurements agree quite well indicates
that the most likely source of discrepancy is in the measurement
of P, the free stream total pressure.

The wind tunnel speed and the jet gas delivery pressure were
then varied and the jet penetration distance, i.e. the z location
of the greatest total pressure, was determined. The results as
measured at x/D = 11 are shown in Fig. 5.30 for a range of
delivery pressures from 5 to 20 psig. The jet penetration depths
calculated from equation 3.3 are also shown. The penetration
depth measurements agree well with the predicted values.

As a prelude to understanding the behavior of a pulsing jet,
a series of vertical traverses of the flow were made with the jet
opening set fully open, two-thirds open, one-third open, and fully
closed. Note that this corresponds to drum rotations of 2°, 4°,
and 6° from the fully open position. The pressure coefficient

profiles, i.e. vertical surveys in z at a y position directly

downstream of the jet, and at x/D = 11 are shown in Fig. 5.31.

The measurements were made for U, = 60 mph and a jet delivery
pressure of 5 psig. The penetration depth calculated for the
partially open jets is designated on the diagrams. These

calculations were performed by calculating the jet open area and
assuming the jet was a circular jet with a diameter producing the
same area. These predictions closely match the measured
penetration depths.

The important results for a steady jet in terms of




penetration depth and pressure contour have now been reproduced.
With this verification of the experimental procedure the effects

of an unsteady jet injected into a cross flow can now be examined.

5.4 Pulsing Jets in the Presence of a Cross Flow

So far it has been shown that the injector is capable of
producing a nominal turbulent jet, that there is no acoustic
limitation to the jet pulsing frequency which can be obtained, and
that the experimental method obtains valid wind tunnel
measurements. Now the remaining questions concerning the effects
of unsteadiness can be addressed.

The behavior of pulsing jets in a cross flow was first
examined by making vertical traverses of the flow at x/D = 11 and
a jet delivery pressure of 5 psig for jet frequencies of 200 Hz.,
655 Hz., 1160 Hz., 3323 Hz., and 5200 Hz. at a wind tunnel speed
of 60 mph. The resulting pressure profiles are shown in
Fig. 5.32-5.36 for 10 instant in time over a single jet period.
The instant during which the jet is totally open has been
indicated on the diagram. For low jet pulsing frequencies, the
appearance and disappearance of the pressure excess and deficit
due to a single jet pulse can be clearly seen. Comparison of the
unsteady measurements made at Ky = 0.85 (655 Hz.) with the steady
measurements with partially open holes reveals the quasi-steady
nature of the flow at this low reduced frequency. At higher jet

pulsing frequencies the behavior is more complex. The effects of
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several jet pulses combine to create less distinct periods of
velocity excess and defect. Thus, these plots illustrate the
importance of the reduced frequency Kx. If Kx is less than unity,
the pulsing jet 1is essentially quasi-steady. If Kx is greater
than unity, the flow behavior is more complex, and the pulsing jet
gusts do not remain discrete at the downstream plane of the
measurement . Therefore the second of the fundamental fluid
mechanical questions has been answered. The rotor will experience
discrete gusts due to the injected jets provided the reduced
frequency based on the downstream distance, Kx, is less than
unity.

Next measurements were taken at a complete matrix of points
at x/D = 11. The y/D measurements ranged from -3.78 to 3.78 and
z/D ranged from 2 to 20. A jet pulsing frequency was chosen to
give a value of Kx = 0.93, a value high in the quasi-steady range.
The resulting pressure coefficient contours at successive instants
in time are shown in Fig. 5.37.

The jet valve is completely open in frame 3, but the
resulting pressure excess is seen in frame 2. The‘ Jet pulse
begins to appear in frames 10 and 1, reaches its maximum value in
frame 2, and then decreases in frames 3 and 4. In frames 5, 6,
and 7, the jet is not in evidence and only turbulence associated
with the breakup of the jet and its convection past the
measurement station can be seen. In frames 8 and 9 the flow is

largely unaffected by the jet. The cycle then repeats.
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The growth and decay of the jet and its wake can be seen in
these traces, showing that the jet pulses remain discrete at the
measurement station. This reinforces the conclusion that if
Kx < 1, discrete gusts are sensed at the rotor.

In order to answer the third fundamental question, that of
interaction of several jets to form a spatially sinusoidal
pattern, measurements of the unsteady pressure were then made on
the same matrix to examine the pressure fields produced when six
adjacent jets are pulsing. Since the jets are spaced three jet
diameters apart, this resulted in three jets being within the
field of measurement. It is unnecessary to measure the flow over
the entire y/D range since the behavior should be periodic in y/D,
since the jets are all identical except for a phase shift in time.
The resulting pressure coefficient contours at successive instants
in time are shown in Fig. 5.38 for x/D = 11, U, = 60 mph, and the
Jet delivery pressure is 5 psig. The growth and decay of the jet
pulse can still be seen, but the additional effects of neighboring
Jjets can also be noted.

The left hand jet (jet 1) reaches its fully open state in
frame 3, the center jet (jet 2) reaches its fully open position in
frame 4, and the right hand jet (jet 3) is fully open in frame 6.
The jet pulse from jet 1 begins to appear in frame 2 and grows in
frame 3. The pulse from jet 2 appears in frame 4 as the jet 1
pulse begins to fade. The pulse from jet 2 grows in frame 5 and

decreases in frame 6 as the pulse from jet 3 begins to appear.
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The pulse from jet 3 grows in frame 7 as jet 2 continues to fade,
and then in turn begins to fade in frames 8 and 9. In frames 10
and 1 there is essentially no influence from the jets, and then
the cycle repeats.

The jets do appear to be interacting to form the desired
sinusoidal envelope. Therefore the third fundamental question is
answered. Even at this high interjet phase angle, the jets
interact to form a smooth spatial envelope of the wake structure.

Finally, in order to investigate the effects of unsteadiness
on the jet penetration depth, a series of jet penetration
measurements were made. The jet pulsing frequency was set at
1600 Hz. while the jet delivery pressure ranged from 5 to 20 psig
and the wind tunnel speed was set at 37.9 mph, 50.2 mph, and
60 mph. The penetration depths were also obtained from the data
presented in Fig. 5.32-5.36. The results are shown in Fig. 5.39
for the penetration depth z/D as a function of the effective
velocity V. In this case the exit jet velocity was calculated
using a quasi-steady model of the isentropic flow in the plenum.
The steady jet penetration depths predicted by equation 3.3 are
also shown. The results indicate that the jet penetration depth
is not substantially affected by the jet frequency or the
existence of pulsing flow. Equation 3.3 can therefore be used to
accurately predict the penetration depth of a pulsing jet over the
range of Ky and Kp investigated. Thus the fourth fundamental

question has been answered. Pulsing jets can penetrate into the
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mean flow far enough to produce a sufficiently deep wake to excite

vibrations in a rotating fan.
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6. Conclusions

The results of this study indicate that injecting pulsing
Jets into the flow is a feasible method of exciting the
aeroelastic modes of a rotating fan. The answers to the four
fundamental fluid mechanics questions and the three practical
implementation questions all substantiate this conclusion.

The first fundamental fluid mechanics question involved the
possible presence of an acoustical limit to the jet pulsing
frequency which can be obtained. The testing results presented in
Section 5.2 indicate that there is be no simple acoustical limit
to the jet pulsing frequency which can be produced. It was
possible to detect discrete, largely unattenuated gusts at the jet
orifice even at frequencies well above the fundamental frequency
of the plenum.

The results presented in Section 5.4 answer the second
fundamental fluid mechanical question, that of the ability of the
Jjet pulses to remain discrete in time as they mix with the cross
flow, and to produce periodic gusts at the downstream location of
the fan. The experimental results show that the gusts created by
the jet pulses remain discrete at the fan location if the reduced
frequency based on the downstream distance (Kx) is less than
unity. Under these conditions the gust disturbance created by one
pulsed jet has been completely convected by the rotor prior to the

appearance of the gust created by the succeeding jet pulse. Above
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this reduced frequency, a much more complex downstream pressure
disturbance is created. For the experiment to be performed at the
NASA Lewis Research Center, the maximum reduced frequency of
injection will be slightly greater than one. Therefore coherent
discrete gusts will be felt by the rotor as a result of the
upstream jet injection.

The results of this investigation also answer the third
fundamental concern, that of the ability of the discrete jets to
form a spatially sinusoidal pattern. The results presented in
Section 5.4 indicate that the individual jets will interact to
form the spatially sinusoidal wake which is necessary to excite
pure aeroelastic traveling wave modes in the rotating fan.

The last fundamental fluid mechanical question is
satisfactorily answered by the results in Section 5.4. These
results show that the transverse penetration distance of a
pulsing jet is essentially the same as that of a steady jet.
Therefore, the empirically derived equation for the penetration
depth of a steady jet can be used to calculate the penetration
depth of a pulsing jet. Thus it is possible to design a jet
injection system which produces a wake which penetrates deep
enough into the flow to successfully excite vibrations in a
rotating fan.

The three practical implementation problems involved with
producing high frequency pulsing jets have also been resolved by

this study. First, it has been shown that it is possible to
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successfully produce a jet at high frequency by operating a drum
valve operating at high speeds. Second, it has been shown in this
study that the individual jets can be phased properly to form a
spatially sinusoidal pattern. Finally, since there appears to be
no problem inherent in using flexible tubes for the jet plenums,
it is not necessary to use an injector which is directly coupled
to the tunnel wall. Flexible tubes can be used to keep all the
Jjet plenums the same length. This in turn allows a single drum to
be used to excite more than one aeroelastic vibration mode through
the use of pneumatic logic. The design relations for the location

and number of injected jets have also been determined and are

summarized in Fig 2.4.
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Fig. 2.1 A two nodal diameter spatially sinusoidal velocity
defect produced by the mixing of properly phased
discrete jets.
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Fig. 2.2 Transformations from the rotating to nonrotating
coordinate system.
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Fig. 2.4 Design rules for geometry of the jet spacing relative
to the cascade geometry at the fan tip.
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Fig. 2.5 Housing and inner drum of proposed jet injector design.
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Fig. 2.6 Time history of the fractional open area of a single

Jjet valve as a function of jet pulsing period.

80




inlet holes )

=

|

'q;
qu.

T

Fig. 2.7 Layout of the injector drum, showing multiple
circumferential sets of holes and relative phase, B8;,

between adjacent sets of holes.
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Fig. 2.8a Injectors closely coupled to test section wall,
covering four 60° segments of the test section wall.
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Fig. 2.8b Injectors set away from test section wall, and
connected by flexible tubing, which allows

rearrangement of hole pulsing pattern by
logic."
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Fig. 3.1 Contours of constant pressure for a jet injected into a
cross flow (after Jordinson [8]).
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Fig. 3.2 The deformation of an injected jet in a cross flow
showing the evolution of the horseshoe shape.
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Fig. 3.3 Velocity excess and defect produced downstream by an
injected jet.

87




‘ugtsap ao3oafut ad£joj0ad ay3 jo Aemein)y 1[°p 314

< .8
< §9

0 N N N NN N N N N

v

\ 7 YA IAl | Ay .\\ <\ﬁ 2L L L L \\ .\\ 1\\ \\ \\ \\ r”lw
A A T B O b
AHHV : Pl T I T oy
3590 ]
—d 1= 5

78 Ll

G2t
52

P—d ANV R N N B
O T/l
/N7 Y/ 277 22 22 27 22 27 2L 22 Lo L L

NE AN OO NSO NA

iz
L\

191Utr sen umap SutAfejp sButaeaqg

safoy Burayea [BOTdA] Bursnoy J0303(u] s7189s Jutaeaq

88




*BO)8AS SATIp 0)

Surydnoo Buimoys 10303fur adLjojoad Jo MOTIA po[qmessy Z°p B4

junow weog-I

JI030H

Burydnod ITqIX3Td ~
1yeqs

weag-] 0} PIPIaM Weaq [SUUBYD

aojzoafu]l

KTRXTRANR R

89




Preséure gauge
Supply line

Manifold

] — LI L

High mass flow
pressure regulator

Nitrogen supply tanks (12)

Fig. 4.3 Schematic of gas delivery system.
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Fig. 4.4 Section of the injector housing at the axial location
of the gas inlet.
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Fig. 4.5 Test section arrangement during testing in the MIT Low
Turbulence Wind Tunnel. '

" 7
< 4 s Y’ > Signal
l leads

/ :
Housing for transducer / 5
Reference

thermal compensation module

|5"_>i

pressure tube

Kulite pressure
transducer

Pressure sensitive area

Fig. 4.6 Kulite total pressure probe.
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Fig. 4.7 Attachment for converting a Kulite total pressure probe
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Fig. 4.8 Bench top testing arrangement.
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Fig. 5.2 lLogarithmic plot of the decay of the centerline jet
pressure measurement of a fully open jet, compared with
the 1/z2 prediction of Schlicting [13].

1.5
1.4 4
1.3 4
1.2 -
1.1

1 -
0.8 -
0.8
0.7 4
0.6 -
0.5 -
0.4 4
0.3
0.2 -
0.1

cpP

Fig. 5.3 Linear plot of the decay of the centerline jet
pressure measurement of a fully open jet, compared with
the 1/z2 prediction of Schlicting [13].



*aanssaad Axsarysp 81sd gz yjrim uado A1yny 3af
J93uad 3Y3 yitm uxadjljed 3af ardrjtnm ®v J0j ‘(L) sjyaf
943} J9A0 SUI] B BFUOTER pIJINSBIW UOTINQTIJSIP aanssaad P°G ‘814

o + © d

3of uado ATInd \

a/z

9'0

dd

95




*a01JTI0 13f 39y} La0qe SII}DUWBIP
33f 21 I8 aanssoad Axsatrrsp Brsd gz J0J (L) s3af ayy

duore paanseam 2s0y} Uo pasodwrtadns UOTIOVATP
(x) 9osisasuea] ayj3 UY poINSESW UOTINQTIISTP 3anssadd G°G *8B1g

a’/s

YA S 1% i 11— c— G— l—
1 1 1 1 1 ] 1 1 1 1 1 1
: q
+
H00ogy, 4+, o +F u.uccuun =
0000 4 + * . o N
at, t o, + ot
. ++ o =
o + +
+ a]
(s} + H,-+H.._+D + a ..—U.TD o H_TDT -
Og i+ a + 4 [
D b~
+ + B
"
a a -
4

u -
a -
+ 4 B

X Ul ISIIANI)-BS0JD -+

£ utr asJ9Awval [

33f uado »::.m\

X

Lo°0
<00
£0'0
+0°0
S0°'0
900
£L0°'0
80°0
60°0
1°0

tt'o
[A NS
eL'o
10
S0
gtLo
L1°0
810
61°0
[A0)

dd

96




[ X] [ X] .
o o 6
o4 0.4 4
03 0.3 4
0.2 4 02 -
[X] o1 4
Vs
° T T T T v T ° v T T T T T Y T
-0.3 X -, . . X ¥
o8 o - . -
(XY o5 7
o4 0.4 4
03 6.3 4
o2 0.2
[X] 0.t 4
—
° T 'l Y T T v v T ° T T T v T Y T T
.3 . . LX) . . . . .
a.8 o.e
LX) 0.5 - 8
o4 A 0ad
o34 2.3 4 4
0.4 ‘o34
[X] 0. 4
° T T u v v v T ° Y \ v T u T
—as . X . -0 . .
0. ' oe
0.3 R 4 0.3 - 9
9.4 4 e
0.3 4 34
0.2 4 o2
0.1 4 0.1 4 /
° T T T T ° T T T
Y . T X Y ¥ ¥ -03 . M T y T e
LX) o .
834 5 os 4 0
0.4 4 o4 4
0.3 4 034
X 02
0.1 4 0.
° T T - T T T T °

-0.3

-0.3

I

Position (cm)

Fig. 5.6 Time history of multiple pulsing jets shown for 10
evenly spaced instants in a jet period, 20 psig
delivery pressure, z/D = 4, L = ,25", 1044 Hz. pulsing
frequency.

97



o8
1 . 6
04
.
a3
..
.
‘.
01 4
o
L ]
°
. -a.4
-0 v — i o 1 s P -
-8 [\ i s P .
08 (X} .
0.4 4 [ X) 7
034 s34
.t o
[ A} [ 8]
/ -~
. .
-0.1
Y . - ' -
s as S 28 38 Py 0 L] . P 23 P
(1) .
0 /\ 0.4 d A 8
03 m l X \
0t Xy
(%) N &Y o
AT
R .
-1 -89 v v
. 0 .8 YN Y o (X 13 2 8 es
. ’ “ '
4 [ X] 9
034 .
X J o2
. .
—
. o
o - ’ -0 e ,
~05 . " [ P “ a8 Y3 " Y a8 s
o8 o 1
5 . 0
0.4
0.3
03 4
0.2 4
a3
.
X
o
’V\ ]
L]
=-a.1 ¥ T T
=91 — T -0 LX) .8 s 38 4“8
-0.8 o8 18 13 s .

Position (cm)

Fig. 5.7 Time history of multiple pulsing jets shown for 10
instants in a jet period, 20 psig
delivery pressure, z/D = 4, L = .25", 2618 Hz. pulsing

evenly spaced

frequency.

98




X} . —1—‘ os -

0.4 4 e
0.3 0.3
0.2 02

0.1 4 0.1 4
/-
— °
T N T

° .
ot r
o ~0.3 o3 13 2.3 33 .3
-3 (XY [X) 13 38 es
LX) o3
8.4 0.4 8
o34 n 0.3 4 [\
c P o1l \ 024 \
0.1 4 o
/ ~
° °
=
- . "“_° " *
-0.3 o5 .8 23 38 “s o3 3 23 33 s
o3 (X
0.4 4 4 0.4 9
0.3 4 0.3
0.2 4 0.2 4
0.t 4 LX]
. \\
° °
=0, T =1 T T T T
—0.3 03 1.8 23 38 Y -0.3 s 13 EX ¥ s
o3 LX)
[XP 0.4 4 1 0
0.5 0.3 4
0.2 4 034
ot 4 a1 4
/'\/'\/-\
° > "V o1 o
X T T v T =0 T T g v v T T r
-9.3 0.8 (K s 33 43 -o3 o3 (%] 2.3 33 .3

Position-(cm)

Fig. 5.8 Time history of multiple pulsing jets shown for. 10
evenly spaced instants in a jet period, 20 psig
delivery pressure, z/D = 4, L = .25", 4078 Hz. pulsing

frequency.

99



[X1) e
0474 g
(31 1 [X1) 6
018 o3
"4 0,14
[XH
o a2
(X)) st
0. .::
or ] o.08
0.07 o ©.07
0.08 o .08
0.0 o e.08
0.04 004
.03 f 0.03
0.07 < o024 —1
014 o0t 4
. T ° e r
-8 [X) (¥ [X) s . -3 [X] 13 EX) ENY .3
[X1) an !
04 arrd
81} 2 ote 7
[31) ey
014 PN
643 4 3 4
612 4 0124
o114 ot d
8.1 4 o1
0.00 4 .08
0.08 4 0.0 4
0.07 0.07 4
008 008 4
0.08 4 .08 4
.04 0.0¢
.03 0.03 4
a.02 - eord V]
o1 <0.01 o
L] -r - .
=03 (X} .8 1. EY ) . el L2 " 18 ER Y .3
(213 (1}
[ 81}

w01 =] o0
. .
0.3 o8 i 1.3 FXY XY s o3 1.3 13 33 3
.18 X1}
o.\? a7 4 .
v 018 o 4 a.18 < g
a.13 Xy
014 ave 4
813 0134
o 4 0131
o o1 4
o 0.9 <
o.c0 0.00 <
.00 000 4
sor 0.0 4
s.0¢ 0.08 {
so8 008 4
s.0¢ 0.04 4
.03 0.63 4
osad = 0014
.01 4 w0 4
p 23 PO .
. '
- o s o s " o —
» 018 .18
0174 017 4
018 5 (X0 10
o8 013
.."1 L ST
a3 4 0134
.12 4 0.8
1 o 0.1t o
a1 0.1 4
.00 4 9.00 o
0.00 4 e84
07 4 2.07
0.00 .06 4
008 o084
0.04 0.04 4
0.0 4 0.03 4
0014 — 002
0.0t o 0.01 4
L v - Y 4 v T - T o T .
i a3 (E) 23 EX) . I o3 [ EX) EX) 3

Position (cm)'

Fig. 5.9 Time history of multiple pulsing jets shown for 10
evenly spaced instants in a Jjet period, 20 psig
delivery pressure, z/D = 12, L = .25", 5§12 Hz. pulsing
frequency.

100



(2] 5 2.3 38

v T Y T———
L2 13 2.3 33

43

0.0 4

Position (cm)

Time history of multiple pulsing jets shown for 10°
evenly spaced instants

delivery pressure,
pulsing frequency.

z/D

101

in a jet period,

12,

L

.25",

20 psig-
2553 Hz.



T f -
WA
T I ;
Cr o ///\W A~ ] \”NK\/\/W\

o - v VI N
Y T T -0.5 o3 (X} 23 3 .2

uPosition (cm)

Fig. 5.11 Time history of multiple pulsing jets shown for 10
evenly spaced instants in a jet period, 20 psig
delivery pressure, 2z/D = 12, L = .25", 4071 Hz.
pulsing frequency.

102



0.6

b e - o— — — . —— ——— — — v——— — — —— =]

CepstEapY
0.5 -

2618 Hz. .

0.4 -
5 03-
0.2 -

0.1

(o] 0.2 0.4 0.6 0.8 1
TIME*FREQUENCY

Fig. 5.12 Ensemble averaged pressure pulse shape, z/D = 4,
20 psig delivery pressure, z/D = 4, L = .25", for the
indicated frequencies.

110

8
1

MAGNITUDE
B ¥ 5§ 8 8 3 8 8
L1

°
/1

J A '\ A ,\ A

T
0 2 4 8 8 10

FREQUENCY (KHZ)

-4
=
-

Fig. 5.13 Spectrum of ensemble averaged pulse shape, 20 psig
delivery pressure, z/D = 4, L = .25", 1044 Hz. pulsing
frequency.

103




80 -

MAGNITUDE,
1

o

20 -1

U

T T L S | T T T T T T J\I
0 4 8 12 16 20 24 28

FREQUENCY (102)

Fig. 5.14 Spectrum of ensembled average pulse shape for 20 psig
delivery pressure, z/D = 4, L = .25", 2618 Hz. pulsing
frequency.

70

MAGNITUDE

10 -

o | - k ’\ L i o
7 ’ 1 T N T
] 10 20

Fig. 5.15 Spectrum of ensembled average pulse shape for 20 psig
delivery pressure, z/D = 4, L = .25", 4078 Hz. pulsing
frequency.

104 .




100
90 -
20 -

7°+ A Mode 1

80 ~

50 -

7 B \
30 - Mode 2

20 -

MODE MAGNITUDE

10 4

L
=
[*]
Q.
o
%3]

FREQUENCY (KHZ)

Fig. 5.16 Magnitudes of the first three harmonics of the
ensembled average pressure as a function of jet
pulsing frequency, 20 psig delivery pressure, z/D = 4,

L = .25".
50
435 -
0
35 ~
a8
e 30 ~
z
g 25 -
w
§ 20 -
15 -
10 - Mode 1
S 4 Mode 2
0 Mode 3

0 : 2 4
' FREQUENCY (KHZ)
Fig. 5.17 Magnitudes of the first three harmonics of the
ensembled average pressure as a function of jet
pulsing frequency, 20 psig delivery pressure, z/D = 8,
L = .25".

105




18
17 +
16 ~
15 ~
14 -
13
12 ~
11 o
10
o -
8 -
7
8 -
s
4 -
3 4
2
1 -

Mode 1

Mode 2
Mode 3

MODE MAGNITUDE

0 T T T
2

FREQUENCY (KHZ)

Fig. 5.18 Magnitudes of the first three
ensembled average pressure as
pulsing frequency, 20 psig
z/D =12, L = .25".

harmonics of the
a function of jet
delivery pressure,

1.3

z/D
z/D
z/D

1.2

1.1 ~

1}

0.9
0.8 ~
0.7
0.5
0.5 S
0.4 -

CP—MAX/CP—MAX STEADY

0.3
0.2 +
0.1

o T T T
2

FREQUENCY (KHZ)

-4

Fig. 5.19 Maximum pressure in fhe average pulse as a function

of jet pulsing frequency, 20 psig
L = .25"

106

delivery pressure




Jet orifices

TT T =TT y

[N I N R RN - [

i s da v ) L - '5'

(L I

RERT TN T I

EEELERI TR

teore b e b L = 1.0"

s ! L] 1 /

T 1) 71

reon e 0ol

ty 1ty ! ’

v 1 :: e L = 1.0"
" 1

T Y

R

_—— e e e el b L
Injector

Fig. 5.20 Injector attachment to produce jet plemums of lengths
L = .75" to 2.75".

Flexible tubing L = 2"-6"

\\\\\ ’/////, Jet orifices

T T T 10t 17 y

AN IS | L= .5"
\ Ot oo )

L= 2-0"
L Frﬂﬂﬂ Y

IR . L = .5"
———————————————— dlog L;41J4___ I

Injector

Fig. 5.21 Injector attachment to produce jet plenums of léhgths
L = 3.25" to 7.25"

107




0.45.
578 Hz. 3128 Hz.

4902 Hz.

0.25 ~

cp

0.2 S

0.1% -

0.1 ~

0.03 ~

1

T T T
0 0.2 0.4 0.8 0.8 1
TIMESFREQUENCY

Fig. 5.22 Ensemble averaged pressure pulse shape, z/D = 4,
20 psig delivery pressure, z/D = 4, L = 3.25", for the
indicated frequencies.

108




‘$ = /2 ‘oanssaad Aaaairsp Bisd (2 .msum=0~
umuafd jo £3ataea B J0J ‘Aousanbaay Bursind 33 jJo
uorjouny ® se asnd aBesoaB 9Y3 ul sunseaad wnmixey €2°G “B14

(ZHM) ADN3INDIVA

14 ¢ [4 l 0

1 | 1 1 ] 1 1 1 1 0
sL'z A
gL ® 2z X
52’9 ¥ SL'T v
, —~ L0
S2's & sz'1 o
Ty @ e+
G2t | ] GZ° m]
(ury 1 (ury 1 - 20
: ®
T I
* i 14 - €70
/Jr/.vmbq/.. § . - +°0
lom
o + N
~ G0
a

dd

109




MAGNITUDE
B ¥ & 838 8 d & 3

-
o

Fig. 5.24

ocmwmsromdiriaaBRBRYRRBEY

Fig. 5.25

5. A

T T T T T
[ 2 4 L]

Spectrum of ensemble averaged pulse shape, 20 psig
delivery pressure, and z/D = 4, L = 3.25", 1044 Hz.
pulsing frequency.

v L.

T T ) T T
(] 20 40

FREQUENCY (KHZ)

Spectruni of ensemble averaged pulse shape, 20 psig
delivery pressure, and z/D = 4, L = 3.25", 4902 Hz.
pulsing frequency.

110




110
100 Mode 1
90
80 -
70
0

50 ~

MODE MAGNITUDE

30

20

10 1 Mode 3

¥ 1 14 3

FREQUENCY (KHZ)

Fig. 5.26 Magnitudes of the first three harmonics of the
ensembled average pressure as a function of Jjet
pulsing frequency, 20 psig delivery pressure, z/D = 4,

L = 3.25",
50
Mode 1
40 -1
g 30
g
§ 20
: PR
Mode 2 +—
10 - Mode 3 o .
o T T T T
o 2 4

FREQUENCY (KHZ)

Fig. 5.27 Magnitudes of the first three harmonics of the
ensembled average pressure as a function of Jjet
pulsing frequency, 20 psig delivery pressure, z/D = 4,
L =-7.25".

111




*aqoad o13B3S-3031d
paepusls (q pue aqoad sanssaad 911Ny (B YITM usSye)}
0

‘oanssaad ALaoattep Bisd ¢ pue ‘ydm g = n ‘IT = 4/X%

18 osuefd z-A B ul oaunssaud JUBISUOD JO SANOJUO) 8Z°'G °‘B1d
Z00° SIUSWLIOUT JINOJUOD ¢00° SjuSWSIOUT IMo3uoy
e0- = - U 4y (q pIo- = -1 & (o
200" =+ f a 200" =+ J
v oz o 2 v o < 9 v 2 o0 z- v 9
- 1 L h\ L 1 .IN” i IS 1 1 1 1 -..N
- P R
|
- g -9
_ !
L 8 -8
01 - 01
L 21 -¢l
+ - P11 R
-91 - 91
- 81 - 81
0z L 02

112




Fig. 5.29 Contours of constant pressure in a y-z plane at
x/D = 11, U;/U, = 8, after Jordinson [8].
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Fig. 5.30 Measured penetration depth of a single steady jet as a
function of V4, compared to Equation 3.3.

114




snotaea 38 jaf Apeajs a[Buls B Jo sa[rjoad sanssaad [g£°G "Bid

*aanssaad AISAT[9p

81sd ¢ ‘ydm og = “n ‘IT = a/x ‘sBurl3es aareA 38l

usdo ATIng 3jar uado g/Z 3I°r
40
100° o G00°— T00° 0 G00°- T100° 0
Py | | . }
1 1 .
/
4 . .\\\\\..\\\\\\\\xx
1 IVMMMMM\mea .uﬁmo:
e

yjdap -uad -o1ep ;
4 p 1

)

uado g/1 3°r

600"~

o et

yjdsp -uad

paso1o 31°f

100° 0 G00° -+

4

——0

yjdsp *uad -or®B)

T 2

asz

115




oln

N\

I\

Sl NN

== = -y [t~ =t v 1 ) }
-.00s o .002 -005 0 .002 -00S 0 .002 -00S O .002 -00S )
Cp
. , Jet 5
) 10
fully
open
|
<t =] = - p—— - ) e -t
~005 0 002 -00S o .002 -00S5 0 .002 -005 0 .002 -005 o
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60 mph, 5 psig delivery pressure, and a jet pulsing
frequency of 200 Hz.
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Fig. 5.33 Pressure profiles of a single pulsing jet at 10 evénly

spaced instants in a jet period,

60 mph, 5 psig delivery pressure,

frequency of 665 Hz.
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Fig. 5.34 Pressure profiles of a single pulsing jet at 10 evenly

spaced instants in a jet period,

60 mph, 5 psig delivery pressure,
frequency of 1160 Hz.
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Fig. 5.35 Pressure profiles of a single pulsing jet at 10 evenly

spaced instants in a jet period, x/D = 11, u, =
60 mph, 5 psig delivery pressure, and a jet pulsing
frequency of 3323 Hz.
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Fig. 5.36 Pressure profiles of a single pulsing jet at 10 evenly

spaced instants in a jet period,

60 mph, 5 psig delivery pressure,

frequency of 5200 Hz.
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Fig. 5.39 Measured penetration depth of a single pulsing jet as
a function of V,, compared to Equation 3.3.
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